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We present a summary of the experimental results, the attempts of interpretation at the present stage, and the
conclusions of coupled investigations on semi-insulating, n-type and p-type vanadium-doped CdTe crystals.
Combining electron paramagnetic resonance and magnetic circular dichroism permits the monitoring and the
quantitative assessment of [ V 21] and [ V 31] defect concentrations. Photoabsorption results are presented
and are discussed in terms of photoionization processes at various wavelengths. The temperature and the
spectral dependence of the steady-state photoconductivity are carefully studied in the near infrared. The re-
sults are discussed in terms of electronic transitions for the two vanadium charge states. Finally, the photo-
refractive performances of the semi-insulating sample are analyzed in a two-beam-coupling experiment and
are correlated to the properties of the V 21/V 31 donor states to derive photoionization cross sections. © 1996
Optical Society of America.1. INTRODUCTION
We have shown in a recent paper1 that the combination of
different measurements permits a good simulation of the
photorefractive properties of GaAs crystals. We used
electron paramagnetic resonance (EPR) measurements to
determine the EL21 concentration and absorption mea-
surements to determine the total EL2 concentration and
took the photoionization cross sections in the literature to
calculate the expected photorefractive gain of our sample
at different wavelengths and to compare it with the ex-
perimental data. The results were found to be consis-
tent, confirming that the EL2 defect was the deep defect
responsible for the photorefractive effect in GaAs and
that the photorefractive model of one defect coupled to0740-3224/96/1002341-11$10.00both conduction and valence bands explained well the
photorefractive performances in this material.
In this paper we use a similar approach for another
photorefractive material, vanadium-doped cadmium tel-
luride (CdTe:V). This photorefractive material is pres-
ently the object of great interest as a promising candidate
for a use in metrology systems and optical telecommuni-
cation networks in the wavelength range from 1 to 1.55
mm. Beyond the control of imperfections and residual
impurities, one of the problems is to learn which factors
control the concentrations of V 21 and V 31 ions in CdTe:V.
To this end it is important to be able to determine the
thermal and the optical signatures of both ions and their
respective roles as absorption, trapping, or recombination
centers, as well as their respective concentrations. To© 1996 Optical Society of America
2342 J. Opt. Soc. Am. B/Vol. 13, No. 10 /October 1996 de Montmorillon et al.Table 1. Electrical Characteristics of the Different Samples Studied in the PC Experimentsa
Sample Type Nature
Dark Resistivity (V cm) at
Room Temperature
Activation
Energy (eV)
L825 Intrinsic Undoped CdTe
Starting material
108 0.76
B23 n CdTe:V 131010 0.75
B28 p As-codoped CdTe:V 33109 0.74
B19 n Cl-codoped CdTe:V 63108 0.51
aL825 is an undoped CdTe crystal used as a reference sample.see the V 21 (V 31) charge state independently, codoping
with Cl (As) transforming semi-insulating CdTe:V into n-
(p-) type crystals is used. Table 1 indicates some of the
properties of these crystals. We perform in these CdTe:V
samples different optical, electrical, and photorefractive
(in the semi-insulating one) measurements that give us
information about deep defects and their optical proper-
ties. Then the determined parameters are combined, al-
lowing us to identify the deep level involved in the photo-
refractive effect.
Section 2 deals with an EPR study of the different crys-
tals. The EPR results have allowed us to determine the
Fermi-level position and the corresponding V configura-
tions in the codoped samples, to measure quantitatively
the V 31 defect concentrations2–7 and to test the directly
photoinduced variations of the V 31 charge state in the
semi-insulating (B23) sample. Section 3 deals with a
magneto-optical study of the different crystals. This in-
cludes magnetic circular dichroism (MCD) and optical ab-
sorption spectroscopy. By use of EPR for the quantita-
tive assessment of [ V 31] in at least one sample, MCD
provides both [V 31] and [V 21]. Linked to this, photoab-
sorption data give information about the photogeneration
of carriers from the identified deep levels. Section 4 con-
cerns photoconductivity (PC) studies. We measure the
temperature dependence of the steady-state PC gain at
the intrinsic maximum (band-to-band excitation), as well
as the steady-state spectral response of PC at constant
photon flux for varying temperatures of as low as 81 K.
Section 5 deals with detailed photorefractive measure-
ments on sample B23. Section 6 is a general discussion
concerning the correlations among all our results to pro-
vide information about spectroscopic assignments,
charge-transfer processes, or photoionization cross sec-
tions. The paper ends with a brief summary.
2. ELECTRON PARAMAGNETIC
RESONANCE STUDIES
To associate the different optical absorption bands with
the particular charge states of the V donor we prepared
donor, Cl (B19), and acceptor, As (B28), codoped samples.
As the V donor introduces a deep level at 'Ec 2 0.8 eV,
the EPR observation of the neutral shallow donor Cl0
with a level at Ec 2 0.02 eV or the deep ionized donor
Fe31 (residual contamination) with a level at Ev 1 0.35
eV allows us to conclude whether the V donor is com-
pletely in the V 21 or the V 31 charge state. Figure 1
shows the EPR spectra of the B19, the B23, and the B28samples. In sample B19 only the spectrum of the Cl ef-
fective mass donor with a g factor g ' 1.7 is observed.
In this sample the V donor is in the V 21 charge state.
Even though this state is equally paramagnetic, the cor-
responding EPR spectrum is not observed; this has been
attributed to the strain sensitivity of the orbital triplet
ground state. Sample B19 is used below to identify the
V 21-related absorption bands; in contrast, in the acceptor
(As) codoped sample (B28), we observe in thermal equilib-
rium the Fe31 resonance, which allows us to situate the
Fermi-level below Ev 1 0.35 eV and thus below the V do-
nor level. Sample B28 is used below for identification of
the V 31-related optical absorption bands.
For the modeling of the photorefractive properties of
sample B23 the absolute V 31 concentration is required; it
has been determined by comparison with a spin-standard
sample.
The photoionization of the V donor in sample B23 can
also be directly studied by EPR by means of the associ-
ated changes in the V 31 concentration. We tested the in-
fluence of an optical excitation at the two relevant wave-
lengths of 1.06 and 1.4 mm. As shown in Fig. 2, a
1.06-mm excitation increases the V 31 concentration,
whereas the 1.4-mm excitation is associated with a de-
crease of the V 31 concentration. From this result we can
Fig. 1. EPR spectra of the three samples B19, B23, and B28 at
T 5 4 K and Bi[100]. In the n-type (B19) codoped sample only
the donor resonance is seen, in B23 we observe only the V 31
spectrum (no V 21), and in the p-type codoped sample B28 both
V 31 and Fe31 (Fe contamination) is observed.
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cross sections for electrons (Sn) and holes (Sp) are Sn
. Sp at 1.06 mm and Sn , Sp at 1.4 mm.
3. MAGNETO-OPTICAL AND OPTICAL
ABSORPTION STUDIES
A. Magnetic Circular Dichroism
MCD is the differential absorption (Da in cm21) for left
(s1) and right (s2) circularly polarized lights propagating
along the direction of an applied magnetic field B (typi-
cally 2.5 T). The MCD signal contains, in general, a dia-
magnetic as well as a paramagnetic part, but the former
Fig. 2. (a) EPR spectrum of sample B23 at thermal equilibrium
at T 5 4 K. (b), (c) Difference spectra (spectrum under photo-
excitation minus spectrum in thermal equilibrium). At 1.4 mm
(b), we thus observe a decrease in the V31 intensity; at 1.06 mm
(c), an increase, always compared with the thermal equilibrium
value. Typical excitation intensities are 10 mW cm22, and the
spectrum intensity achieves an equilibrium value after typically
a few minutes.can safely be ignored in our case because the bands are
broad, and we conduct our work at T < 4.2 K. In the
case of, e.g., V 31 (with a 3A2 ground state), the paramag-
netic terms are proportional to (n2 2 n1)/(n0 1 n2
1 n1), where n1 , n2 , and n0 stand for the Boltzmann
populations of the ms 5 61 and the ms 5 0 substates.
In a recent paper8 we demonstrated that this technique
permits the simultaneous monitoring at T < 4.2 K of the
two paramagnetic species [V 21] and [V 31] in CdTe:V
crystals. It was further used in the case of Zn–Cd alloys9
to show that V 31 was present in them, although EPR
failed to detect it directly.
Figure 3 shows additional results for our reference
crystal B23 (semi-insulating) as well as for n-type (B19)
and p-type (B28) samples. Following our former
research,8 the various MCD features are referred to as
P1 , P2 , . . ., P5 (or 1. . .5 for short). Band P1 is associ-
ated with the major MCD band peaking at ;1.17 eV
(9500 cm21). As expected, samples B19 and B28 indeed
present a completely different behavior. Below 1.05 eV
[Fig. 3(a)] the former shows only P2 , whereas the latter
presents two major bands, P3 and P4 , and a relatively
sharp negative peak, P5 . A Gaussian analysis actually
strongly suggests the presence of an additional broad
component, P6 , on the high-energy side of P4 . We
assigned8 P5 to the
3A2 ! 1E spin-forbidden band of V 31
on the basis of its sharpness and negative MCD. It is
quite remarkable (Fig. 3) that the MCD spectra of
samples B19 (multiplied by 1.4) and B23 superimpose
each other in the regions of bands P1 and P2 . This con-
firms our earlier findings8 with two other crystals (B16
and B21), and we assign both bands to V 21.
The low-energy MCD of sample B23 is clearly (Fig. 3) a
linear combination of those of the two model compounds.
The relative strength of P4 (and P3) in B28 and B23 is
found to be 6 [Fig. 3(a)], in perfect agreement with EPR
(Fig. 1), which gives @V 31# 5 6 3 1015 cm23 for B23 and
@ V 31# 5 35 3 1015 cm23 for B28.4 Concerning the cali-
bration of the MCD P2 band related to V
21, we haveFig. 3. MCD spectra of samples B28 (codoped As), B19 (codoped C2), and B23 under a magnetic field of 2.5 T at 1.4 K. Da is expressed
in inverse centimeters: (a) low-energy region, (b) high-energy region. The ordinate scales apply to sample B23. For comparison, Da for
B19 was multiplied by 1.4, whereas Da for B28 was divided by 3 (see text for discussion).
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that the photoconversion process in semi-insulating crys-
tals concerns essentially the V 21/V 31 state. We have
performed photo-MCD measurements at 1.4 K on a
sample (B21) for which bands P2 and P4 are of relatively
similar strength. We found that a 15-min illumination
at 1.06 mm with a Nd:YAG laser (10 mW) increases the
strength of bands P4 and P3 by 8% 6 0.4%, whereas it
decreases that of P2 by 6% 6 2%. It is then a simple
matter to establish8 that the ratio of the relative change
of the MCD for P4 on the one hand to that for P2 on the
other is equal to R 5 @V 21#/@V 31# 5 1.3 6 0.4. Because
@V 31# 5 14 3 1015 cm23 for this sample, one therefore
finds that @V 21# 5 18 3 1015 cm23. MCD provides us
with the relative strength of band P2 for samples B21 and
B23; we were thus able to estimate @ V 21# ' 5 3 1015
cm23 (R ' 0.8) for sample B23. We also performed a
photo-MCD experiment on B23. It showed a 10% in-
crease of P3–P4 under an illumination at 1.06 mm. Un-
fortunately, we could not reliably estimate the relative
change of P2 because the expected absolute change is only
twice the noise level and because bands P2 and P3 overlap
slightly [compare B19 and B28 in Fig. 3(a)]. Table 2 pre-
sents our overall concentrations results for six crystals in-
vestigated in the course of this study or of our previous
study.8 Our model is predictive, and Fig. 4 shows the
MCD spectra expected in the low-energy region for vari-
ous R ratios. Although the absolute scale obviously de-
pends on @ V 21# 1 @ V 31#, the shape (at 1.4 K) rests solely
on R.
We note that band P5 for B23 is preceded [Fig. 3(a)] by
two weak positive MCD features at 8020 cm21 (0.994 eV)
and 8080 cm21 (1.002 eV). Whether they are associated
with spin-forbidden lines of V 21 or are origin lines for
spin-allowed transitions is presently unknown. We have
of course verified that the nominally undoped crystal
(L825) did not show any of the features P1 . . . P6 dis-
cussed here.
In the higher-energy region [Fig. 3(b)], one may wonder
whether band P1 is present to a certain extent for sample
B28. With normalization of the MCD spectra of B28 and
B23 for bands P3–P4 , it is seen that the MCD of B28 at
1.17 eV is only 25% of the intensity of band P1 . Further-
more, the MCD shape is very different for the two mate-
rials, and B28 shows two additional MCD lines [see ar-
Table 2. Determination of [V 31] and [V 21] in the
Five Crystals Investigateda
Sample [ V 31]EPR [ V
31]MCD [ V
21]MCD R 5 @V
21#MCD/[V
31]
B16 7 7 3.5 0.5
B19 0 ;0 3.2
B20 ;0 4.9
B21 14 18 1.3
B23 6 6 4.7 0.8
B28 35 35 0
aThe calibration of [ V 31] from the MCD follows the EPR measurement
on sample B28. That of [ V 21] results from a conjugation of MCD measure-
ments on bands P1 and P2 as well as photo-MCD data on sample B21.
Sample B20 was doped with cadmium chloride. The common unit is 1015
at cm23.rows in Fig. 3(b)]. We confirm therefore that B28
contains either none or a negligible amount of V 21. The
MCD features at higher energies are presumably related
to arsenic.
B. Absorption and Photoabsorption
Our measurements were performed on a Cary 05E spec-
trometer. For photoabsorption experiments, the crystal
at thermal equilibrium is cooled down to 80 K in a cold
finger cryostat and a first spectrum (called init) is taken.
The crystal is then illuminated 10 min in situ (nothing
moves) with the spectrometer at a wavelength l1 , and a
second spectrum ‘‘l1’’ is taken immediately after the illu-
mination is switched off. The procedure is repeated for
several decreasing illuminating wavelengths l2 . . . . We
interest ourselves in differences (noted ‘‘l1 2 init’’ or ‘ ‘ln
2 ln21’’) between successive spectra. Finally, the illu-
mination at 1.55 mm is repeated at the end of the experi-
ment.
Figure 5 shows the absorption spectrum at 80 K of
sample B23 as well as those for the two model compounds
B19 and B28. This figure confirms that these last two
spectra do represent two extreme situations that bear no
resemblance to each other. Band 5 is too weak to be de-
tected in optical absorption, but bands 2–4 are clearly ob-
served. We note that band 6 (approximately 0.96 eV),
which seemed to be necessary to understand the MCD
spectrum of sample B28, is now clearly seen in its absorp-
tion spectrum. Cooling the crystals from room tempera-
ture to liquid-nitrogen or liquid-helium temperature re-
sults in a very clear blue shift of at least 40 meV (300
cm21) and in a noticeable sharpening of the major absorp-
tion components, thus revealing an important role of pho-
non broadening. We note that the absorption spectrum
of B23 is qualitatively similar to that reported in Refs. 6,
8, and 10.
Fig. 4. Predicted MCD spectra at 1.4 K and under 2.5 T accord-
ing to the ratio R of [ V 21] and [ V 31]. We arbitrarily assumed a
total vanadium concentration T of 35 (unit, 1015 cm23). From
top to bottom at 0.91 eV, the various curves stand for values of R:
(a) 0.5, (b) 0.8, (c) 1.3, (d) 2.5, (e) 5, and (f ) 10. We computed these
by combining those for B19 (@ V 21# 5 3.2) and B28 (@V 31#
5 35) with the weighting factors (T/3.2) * R/@(1 1 R)# and
(T/35)/(1 1 R), respectively.
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principle be analyzed in a fashion similar to MCD spectra
analysis. This is, however, very difficult because the ab-
sorption features eventually superimpose over an energy-
dependent background, which is presumably due in part
to scattering. Beyond its sensitivity, an additional ad-
vantage of MCD over absorption is that Da /a is much
stronger for bands P3–P4 than for band P2 , with the
former thus sometimes being hardly resolved in the ab-
sorption spectrum.6,10–12
Figure 6 shows photoabsorption data (on sample B23),
for the first time to our knowledge. Illumination was of
course carried out with those wavelengths used for
photorefractive13 or photo-EPR experiments.2 The dif-
ference spectra ‘‘1.55a 2 init’’ and ‘‘1.32 2 1.55’’ [see Fig.
6(a)] show essentially a monotonic behavior. By con-
Fig. 5. Absorption spectra of samples B28, B19, and B23 at 80 K
(three lower curves) and B23 at room temperature (upper curve).
a is expressed in inverse centimeters. For clarity, the residual
absorption at 0.6 eV was subtracted from each of the curves; they
were then translated by 1 cm21 from one another at the same en-
ergy. The numbering of the various features is the same as that
shown in Fig. 1. Note that, although taken from the same ingot,
the B19 sample used for absorption is of a much better quality
(no scattering) than that examined in our earlier study.8
Fig. 6. Photoabsorption results for sample B23 at 80 K. Spec-
trum a stands for the difference of absorbance (multiplied by 20),
‘‘1.32 2 init’’ (see Subsection 3.B for explanation). Spectrum b
deals with ‘‘1.06 2 1.32,’’ whereas spectrum c is associated with
‘‘1.55b 2 1.06.’’ The absorption spectrum (shifted by 22 cm21)
is also given (d) for comparison.trast, a further illumination at 1.06 mm leads to a signifi-
cant increase of bands P3 , P4 (but also P6) and a decrease
of band P2 [ Fig. 6(b)]. Our results also indicate that
component P7 (0.98–1.10 eV), which is seen in our absorp-
tion spectrum at 80 K [Fig. 6(d)] as well as in that at 6 K
(Ref. 12), behaves like band P2 in this process and is
therefore probably correlated with the presence of V 21.
A further illumination at 1.55 mm [‘‘1.55b 2 1.06’’ in Fig.
6(c)] reverses the situation. These data are in excellent
agreement with the experimentally observed dominance
(see Sections 2 and 5) of hole carriers at 1.55 mm and elec-
tron carriers at 1.06 mm. Somewhat surprisingly, illumi-
nation has no marked effect on band P1 .
4. PHOTOCONDUCTIVITY STUDIES
Concerning the experimental point of view, particular
care was devoted to providing the samples with closely
spaced (1–2 mm) stable ohmic contacts and to achieve
preliminary electrical and photoelectrical characteriza-
tion. Two kinds of measurements, among those that
were performed, are presented here: (i) temperature de-
pendence of steady-state PC gain at the intrinsic maxi-
mum (band-to-band excitation) and (ii) steady-state spec-
tral response of the PC at constant photon flux, for
varying temperature.
A. Dependence of the Intrinsic Photoconductivity Gain
on Temperature
We obtained the temperature dependence of the photocur-
rent by plotting the saturation value of the PC of the
sample under continuous monochromatic illumination.
The maximum intrinsic (band-to-band) PC near the ab-
sorption edge occurs for the wavelength l 5 lmax , corre-
sponding to an absorption constant, amax ; 1/d, where d
is the thickness of the specimen.14 During the tempera-
ture scan, lmax was continually adjusted to achieve the
maximum photoresponse, so that the optical generation
rate of photocarriers amaxF0 5 F0 /d (where F0 is the in-
cident photon flux) is temperature independent.
The general equation expressing the PC,14 from a phe-
nomenological point of view, is
iph 5 AEq~mntn 1 mptp!aF0 , (1)
where iph is the steady-state photocurrent; q, the elec-
tronic charge; A, a constant depending on the geometry of
the sample; E, the electric field; a, the absorption coeffi-
cient; and F0 , the incident photon flux, corrected for re-
flection losses. Here mn , mp denote, as usual, the drift
mobilities of the free photoelectrons and photoholes, re-
spectively, and tn and tp denote their lifetimes, respec-
tively.
It is convenient to consider the intrinsic PC in terms of
a gain G, which is defined as the number of charge carri-
ers passing between the electrodes for each photon ab-
sorbed per second.15 This can be written in the form
iph 5 qAEGaF0 (2)
if one wants to express the PC gain independent of the ex-
perimental conditions (size of the sample, electric field).
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photosensitivity,15 is a crucial parameter and is found to
be equal, at room temperature, to ;0.35 for sample B23.
Comparison of Eqs. (1) and (2) shows that
G 5 mntn 1 mptp (3)
and depicts a material property in terms of the mt prod-
uct.
It appears that the thermal variation of PC gives the
temperature dependence of the product mt.
Figure 7, obtained for specimen B23, shows that the
gain increases fairly exponentially with 1/T (with two ac-
tivation energies of approximately 20 and 5 meV) for mea-
surements roughly below 180 K, which is close to the De-
bye temperature [158 K (Ref. 16)]. If one assumes that
the variation of the gain in this temperature range is due
mainly to the lifetime; with that of the mobility being con-
sidered negligible, then these activation energies may cor-
respond to acoustic phonons (;5 meV) and to optical
phonons (;20 meV), in agreement with the values found
in Ref. 17.
Above 200 K, in contrast, a decrease is observed when
1/T increases, with an activation energy of 63 meV. This
may be explained by the fact that in this range of tem-
perature the V 21/V 31 levels empty, making the recombi-
nation centers less active and permitting the increase of
the free-electron lifetime.
It is noteworthy that the variation of the PC gain varies
moderately with temperature, less than a factor of 4, and
modulates, as is shown below, the spectral responses at
temperatures higher than 180 K.
B. Spectral Response of Steady-State Photoconductivity
at Room Temperature
The steady-state PC spectra were measured at ;300 K
for samples B23 (CdTe:V), B28 (CdTe:V, As), and B19
(CdTe:V, Cl), as well as for the undoped specimen L825.
The curves shown in Fig. 8, as well as those that are pre-
sented from here on, were normalized versus the photon
flux, which was approximately constant (between
5 3 1012 and 3 3 1013 cm22 s21).
Fig. 7. Thermal dependence of the PC gain for sample B23.
The ordinate unit is arbitrary.The first noteworthy point is the sharpness of the peak
corresponding to intrinsic PC. This is due to the steep-
ness of the fundamental absorption edge of CdTe owing to
the direct band-gap character of the optical transition.
The strong decrease on the high-energy side of the spec-
trum indicates strong surface recombination.
The second point to note is the fact that the undoped
crystal shows only the sharp peak at ;1.5 eV. Thus, in-
dependent of MCD, PC measurements tell us that the
bands between 0.7 and 1.4 eV, observed for doped crys-
tals, are really correlated with the presence of vanadium.
Quite naturally, these bands bear a close resemblance to
those found in the absorption spectra.3,6,18
A final point, of great interest, is that sample B19,
which contains essentially V 21, shows only a weak PC at
room temperature in a spectral region (at ;0.8 eV), where
B28 (V 31) gives a large signal. The PC band at lower en-
ergies in Fig. 8 must therefore be labeled P3 to maintain
consistency with our MCD assignment to V 31 (Fig. 3).
The largest contribution to the PC of B19 is found to occur
above 1.0 eV and to extend to as high as 1.4 eV, in good
agreement with our assignment8 of the spectral features
in this region to the photoionization of V 21. Finally, the
shift of band P3 from 0.82 eV in Fig. 8 to 0.87 eV in Fig. 3
is thought to be related to the blue shift observed in ab-
sorption upon cooling. A small difference in calibration
may also exist among the monochromators used in the
different laboratories.
C. Spectral Response of Steady-State Photoconductivity
at Variable Temperature
Detailed steady-state PC measurements were carried out
for a series of temperatures on the semi-insulating
sample B23. For clarity only three spectra are shown in
Fig. 9. The modification of the intrinsic spectrum results
from the temperature dependence of the band gap and of
the PC gain G. We found a linear shift of its maximum
of approximately 0.46 meV/K, in good agreement with
that of the literature.19 A similar figure was found in the
Fig. 8. Steady-state PC spectra at room temperature of Cl-
codoped (B19), As-codoped (B28), and semi-insulating (B23)
CdTe:V crystals. The spectrum of an undoped sample (L825) is
also shown for comparison. Because the various spectra were
taken between 290 and 320 K, one can observe a slight shift of
the maximum of intrinsic PC.
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parison of spectrum labeled 320 K with that of B23 of Fig.
8, obtained at 294 K, shows that the shift in energy of the
maximum, of approximately 10 meV, indeed corresponds
to that predicted by the law just mentioned. For energies
higher than the band gap we can observe that the surface
recombination is less important at 320 K than at room
temperature. Here also, the magnitude of the maximum
follows the temperature dependence of G, shown in Fig. 7.
G is minimum at 200 K and is about 2 times higher at
room and liquid-nitrogen temperatures, in agreement
with our previous findings.
As for the temperature dependence of the extrinsic part
in the most interesting low-energy region, the labeling of
the resolved features follows that used for MCD (Fig. 3)
and absorption (Figs. 5 and 6). The decrease of their
magnitude between 320 and 200 K follows roughly that of
the gain. Below 200 K, however, the change is drastic,
and band P3 has almost vanished at 81 K. Its width does
not appear to vary significantly, and its height was found
to follow exp(2W/kBT), withW ' 30 meV. Band P3 also
suffers a clearly observable linear energy shift of 0.23
meV/K, i.e., exactly half that of the band gap. In contrast
with the above results, the positions of bands P7 and P4
(Fig. 9) are temperature independent. At 81 K, band P4
occurs as a weak shoulder between P3 and P7 .
5. PHOTOREFRACTIVE MEASUREMENTS
A. Experimental Arrangement
Photorefractive performances of sample B23 are analyzed
in a two-beam-coupling experiment. The measurement
of the strength of the photorefractive energy transfer gain
from a pump beam toward a probe beam (from which we
deduce the photorefractive gain G) as a function of the
grating spacing provides two important parameters of the
photorefractive effect: the electron–hole competition co-
efficient j0 , and the inverse of the Debye screening length
k0 (i.e., the effective trap density Neff).
20 The expression
of the gain with the grating spacing L (or grating wave
number k 5 2p/L), when one considers that the
electron–hole competition factor is independent of the
Fig. 9. Temperature dependence of the normalized steady-state
PC for sample B23. Note that PC for E > 1.35 eV was divided
by 5 so as to magnify the low-energy and highly structured sec-
tions.grating spacing, as is usually assumed in semiconductors,
is21,22
G 5
2pn0
3reff
l cos u
kBT
e
j0k
1 1 ~k2/k0
2!
, (4)
with k0
2 5 @e2/(«kBT)#Neff . u is the half-angle between
the beams inside the crystal; n0 , the linear refractive in-
dex of the material; reff , the effective electro-optic coeffi-
cient that depends on the crystal and the beam polariza-
tion orientations;23 and «, the dielectric constant. All
these parameters are known from the literature.
The two experimentally determined parameters (j0 and
Neff) depend on the deep-level characteristics through the
well-known expressions22
Neff 5
@V 21#@V 31#
@V 21# 1 @V 31#
, j0 5
Sn@V
21# 2 Sp@V
31#
Sn@V
21# 1 Sp@V
31#
,
to which we add the linear absorption of the crystals a
5 Sn@V
21# 1 Sp@V
31#. We consider here the optical
generation of electrons and holes from V21 and V 31, re-
spectively, with photoionization cross sections Sn and Sp .
The measurements are performed at the three wave-
lengths of 1.06 mm (1.17 eV), 1.32 mm (0.94 eV), and 1.55
mm (0.8 eV), given by two diode-pumped Nd:YAG lasers
and a laser diode, respectively. The photorefractive gain
is verified to be saturated with respect to the illumination
for each wavelength. The absence of absorption gratings
is checked by use of the symmetry properties of photore-
fractive gain. We measure the energy-transfer direction
and then the sign of j0 for the different wavelengths. By
a direct measure of both the sign of the Pockels effect and
the photorefractive gain relative to a fixed reference
direction,24 we determine that electrons are the majority
carriers (j0 . 0) at 1.06 mm, as was already measured on
two other CdTe samples in previous studies.25,26
Fig. 10. Experimental photorefractive gain as a function of the
grating spacing at wavelengths l 5 1.06 mm (d) and 1.55 mm
(m) for CdTe sample B23. The solid curves denote the best theo-
retical adjustments. The dashed curves represent the adjust-
ment with s 5 2smin . The photorefractive gain at 1.32 mm is
nearly zero.
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direction along the beam propagation direction. Other
faces were [11¯0], i.e., (11¯0) direction along the beam po-
larization and [112¯], i.e., (112¯) direction along the grating
wave vector. With this geometry, the effective electro-
optic coefficient is reff 5 A2/3r41 .
B. Experimental Results
Variation of the measured photorefractive gain Gm with
the grating spacing is shown in Fig. 10. A high photore-
fractive gain (with opposite sign) is measured at 1.06 and
1.55 mm, whereas it is nearly zero at 1.32 mm. The ad-
justment of the experimental points by the theoretical
curve gives us the two parameters j0 and Neff (except for
l 5 1.32 mm, where we have only j0 ' 0). These adjust-
ments are conducted with the same value of r41 5 5.5
pm V21 (Refs. 18 and 27) for the three wavelengths and a
refractive index of n0 (l 5 1.06 mm) 5 2.82 and n0 (l
5 1.55 mm) 5 2.74.27 To obtain an estimate of the ac-
curacy, we define the quadratic error between the experi-
mental points Gm(ki) (at grating wave number ki) and the
theoretical value G(ki) as
s 2~k0 , j0! 5 (
i
@Gm~ki! 2 G~ki!#
2. (5)
We calculate the j0 5 f (k0) that minimize s for a fixed
k0 . We also calculate the minimum s parameter, ob-
tained for j0 and k0 and denoted smin . We consider that
k0 is within the uncertainty domain when s [k0 , f (k0)] is
less than 2smin . We find that
At 1.06 mm, k0
2 5 166 mm22 and j0 5 0.84, with 100
, k0
2 , 300 mm22 (which gives an uncertainty of 100%),
and 0.78 , j0 , 0.93 (which gives an uncertainty of
18%);
At 1.55 mm, k0
2 5 109 mm22 and j0 5 20.82, with
50 mm22 , k0
2 (no upper limit of the value of k0
2 can be
determined), and 20.94 , j0 , 20.71 (which gives an
uncertainty of 28%).
We can see that if the electron–hole competition is
strong at 1.32 mm (j0 ' 0), giving full compensation, it is
rather low at 1.06 mm, where dominant carriers are elec-
trons, and at 1.55 mm, where dominant carriers are holes.
We note that the photorefraction measurements are con-
sistent with the photoabsorption ones.
6. GENERAL DISCUSSION
A. Spectroscopic Assignments
We recall that the spectral distribution of the photocur-
rent Iph(hn) in the extrinsic region is given by the sum of
the overall possible transitions (including crystal-field
transitions d ! d* with subsequent thermally stimu-
lated d* ! CB transitions, where CB denotes conduction
band) involving a certain number of impurity levels:
iph~hn! 5 qAEF0(
i
Ni@ fiSni~hn!mntn
1 ~1 2 fi!Spi~hn!mptp#, (6)
where Ni are the concentrations of the levels, fi is the oc-
cupation rate of the ith level, Sni(hn) and Spi(hn) are thephotoionization cross sections of transitions from the ith
level to the conduction band and from the valence band to
level i. Here also A is a constant, depending on the ge-
ometry of the sample, and E is the applied electric field.
Equation (4) derives from the fact that the optical emis-
sion rate is eo
n(hn) 5 So
n(hn)Fo(hn) and from the basic
equation dn/dt 5 eo
nNifi .
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The detailed assignment of the absorption spectrum of
CdTe:V is still controversial. For example, the strongest
absorption features above 1 eV were alternatively as-
signed without very convincing justification to V 21 (Refs.
3 and 11) or to V 31 (Ref. 6), whereas the weakest ones be-
low 1 eV were assigned exclusively to V 21 (Ref. 3) or to
both V 21 and V 31 (Ref. 11). As we show here, the mea-
sured spectrum obviously depends on the relative
amounts of V 21 and V 31 in the investigated specimen.
We found band P2 in the same position in the low-
temperature MCD (1.4 K, Fig. 3) and in the absorption
(80 K, Fig. 5) spectra of sample B19 (basically V 21). Fur-
thermore, the band is absent in the room-temperature PC
spectrum in the same sample (Fig. 8). We therefore con-
firm our earlier assignment8 of P2 to a transition having a
dominant internal character [4A2(
4F) excited state]. By
contrast, band P7 (Fig. 6), which is correlated with V
21 in
view of the photoabsorption but which also shows up as a
relatively sharp feature in the PC spectrum at liquid-
nitrogen temperature (Fig. 9), is assigned to a transition
to an excited state [4T1(
4P)], which is resonant with the
conduction band.3,28 These attributions for the spin-
allowed bands of V 21 appear to be a clear confirmation of
the previous ones.10
Band P1 , which occurs at ;1.15 eV in the MCD and ab-
sorption spectra of B19 and B23, is absent (or at best too
weak to be detected) in those of B28. The same situation
appears to hold in the case of PC (Fig. 8), and we there-
fore confirm our initial8 assignment of the band to the
photoionization of V 21 with an optical threshold at ; 0.95
eV. Admittedly, however, one very puzzling and yet un-
explained point is the absence of a clear photochromism
for this band when crystal B23 is illuminated at either
1.55 or 1.06 mm. We also note that our interpretation for
P1 differs from those given in Refs. 5 and 29, whose au-
thors prefer the alternative assignment to the photoneu-
tralization of V 31 in view of the luminescence excitation
spectrum of their crystals. At least part of those authors’
arguments, however, is based on the fact that the stable
existence of V 21 was doubtful at the time, a fact that is
now contradicted by MCD in the case of our semi-
insulating or n-type samples.
Our low-energy MCD results for B28 (bands P3 , P4 ,
and P6) bear a very close resemblance to those found for
V 31, when it was substituted for Ga in GaAs (Ref. 30),
and were assigned to the 3A2 ! 3T1 internal transition.
The same assignment was also proposed in Refs. 5 and 29
in view of the 3T2 ! 3A2 luminescence band (threshold
at ;0.54 eV) and its excitation spectrum. As compared
with GaAs, the crystal-field parameter Dq is smaller in
the case of CdTe because the 3T1 state appears to be be-
low 1E (located by MCD). Although consistent with
Tanabe–Sugano diagrams,31 the assignment of the three
MCD features to a purely internal transition is not com-
pletely satisfying. In the case of pure d orbitals for
de Montmorillon et al. Vol. 13, No. 10 /October 1996 /J. Opt. Soc. Am. B 2349the d2 configuration, theory predicts32 a negative MCD
for the spin-forbidden line (as observed) and an S-shaped
MCD (due to spin-orbit coupling) for the spin-allowed
transition. This is indeed the situation that results for
the isoelectronic d2 ions Mn51 (Ref. 32) and Ti21 (Ref. 6)
in tetrahedral symmetry. At this stage, we stress that
the considered internal transition corresponds to a trans-
fer of an electron from the vanadiumlike e orbital to the t2
orbital, which strongly hybridizes with the host. The
ligand–field picture is therefore not fully appropriate.
An explanation of the different behavior of V 31 and Ti21
requires theoretical research.
The blue shift (half that of the band gap) of P3 under
cooling implies its assignment to the VB ! d2 charge-
transfer process where VB denotes valence band. The
complex temperature dependence of PC, however, is not
yet understood.
In summary, the occurrence of two complementary pro-
cesses in the P3–P6 region are proposed: (i) photoneu-
tralization of V 31 leading to hole conductivity and (ii)
crystal-field transition (3A2 ! 3T1) of V 31, with subse-
quent thermally stimulated 3T1 $ CB transfers (electron
conductivity).
B. Photoionization Cross Sections
The insertion of vanadium in CdTe creates a deep level
that corresponds to the two charge states V 21/V 31.
These two charge states are responsible for the absorp-
tion and, as shown in the PC measurements, for the pho-
togeneration of charge carriers at room temperature.
The latter condition is a necessary one if the defect is to
be the source of the photorefractive effect. The concen-
tration in the two vanadium species is given by the EPR
experiment and by the MCD measurements described in
Sections 2 and 3. The EPR experiment gives us @V 31#
' 6 3 1015 cm23, whereas the MCD allows us to deter-
mine @V 21# ' 5 3 1015 cm23 (Table 2).
The use of these two values gives, for the effective trap
density, Neff ' 2.7 3 10
15 cm23, from which we deduce
k0
2 ' 200 mm22, which corresponds to the experimental
values.
Now, from j0 and considering that the value of the ab-
sorption a (Fig. 5), corrected from a constant background
absorption, is due only to a process that creates electrons
and holes from a single defect under two charge states
(V 21/V 31 here), we deduce the two products an
5 Sn@V
21# and ap 5 Sp@V
31# for each wavelength [us-
ing an 5 (a/2)(1 1 j0) and ap 5 (a/2)(1 2 j0)]. These
values, together with the concentrations given in Table 2
above, allow us to calculate the photoionization cross sec-
tions. The ratio of electron and hole absorptions
(an /ap), and thus the ratio of the photoionization cross
section, is given by the electron–hole competition coeffi-
cient only, whereas the absolute value of cross sections is
determined by the value of the absorption a of the crystal.
We then deduce the following:
At 1.06 mm: (a 5 1.6 cm21), Sn ' 2.9 3 10
216 cm2, Sp
' 2.2 3 10217 cm2;
At 1.32 mm: (a 5 0.85 cm21), Sn ' 8.6 3 10
217 cm2,
Sp ' 7.2 3 10
217 cm2;At 1.55 mm: (a 5 0.58 cm21), Sn ' 1.1 3 10
217 cm2,
Sp ' 8.8 3 10
217 cm2.
The trends of these results correspond to the ones previ-
ously published.33 We have a monotonic decrease of Sn
with increasing wavelength, whereas Sp shows a maxi-
mum in the 1.3–1.5-mm region of the spectra, as already
observed. The orders of magnitude for these cross sec-
tions are also kept, compared with the ones given in Ref.
33. The assumption that we use in our interpretation of
the experimental results, that all of the absorption con-
tributes to charge generation, is perhaps not totally war-
ranted because of inadequate correction of the back-
ground or because of the presence of internal transitions.
For example, our experimental data were processed as-
suming a constant background of absorption (considering
the crystal absorption to be zero at l 5 2 mm) for ease of
use. Nevertheless, even if this assumption is not totally
warranted, the results remain qualitatively the same;
only the exact values of cross sections vary, and the fea-
tures and the ratio of the photoionization cross sections
remain the same.
7. CONCLUSION
In summary, we have performed a large number of spec-
troscopic experiments as well as photorefractive measure-
ments in CdTe:V crystals with the goal of identifying the
defect responsible for the photorefractive effect. We have
extended earlier MCD studies and have further illus-
trated the use of the technique to monitor [V 21] and
[V 31] simultaneously. Photoabsorption results are re-
ported, for the first time to our knowledge. They confirm
MCD and photo-MCD assignments. Furthermore, they
indicate the existence of new features at ;0.95 eV (band
P6 , V
31 related) and 1 eV (band P7 , V
21 related).
The spectral response of the steady-state PC of CdTe:V
has been determined for n-type (Cl-doped), p-type (As-
doped), and semi-insulating (sample B23) V-doped crys-
tals and has been compared with that of an undoped one.
These results confirm that vanadium is indeed the domi-
nant carrier donor. They are consistent with MCD,
which shows no noticeable feature for the undoped
sample. Most of the bands found in MCD and absorption
(except P2) were found to be responsible for the genera-
tion of free carriers, a necessary condition for them to
have an influence on the photorefractive effect. The ther-
mal dependence of PC has also been measured for sample
B23. The position of the various bands at 81 K correlates
well with MCD (1.4 K) and absorption (80 K) results. Al-
though their temperature dependence (shift, intensity) is
not fully understood, it indicates that internal (d ! d*)
transitions are presumably followed by a subsequent
thermally stimulated d* ! CB transfer.
The semi-insulating CdTe sample B23 has also been
the object of a detailed photorefractive investigation. It
demonstrates the predominance of hole carriers at 1.55
mm and electron carriers at 1.06 mm, in excellent agree-
ment with the photoabsorption results. Electron–hole
competition is very strong at 1.32 mm, leading to a com-
plete cancellation of j0 (corresponding to equal generation
2350 J. Opt. Soc. Am. B/Vol. 13, No. 10 /October 1996 de Montmorillon et al.of electrons and holes, an 5 ap). The measured effective
trap density was found to be in accord with the [V 21] and
the [ V 31] concentrations determined by MCD and EPR.
Using the measured room-temperature absorption coeffi-
cient at each wavelength and the [ V 21] and the [V 31]
concentrations determined by MCD and EPR, we have
also estimated the associated photoionization cross sec-
tions at the three studied wavelengths and have found
them to be consistent with those published previously.
Moreover, the self-consistency of our results gives very
strong support to the correctness of our concentration de-
terminations.
In sum, although it is well established that CdTe crys-
tals may contain a large variety of defects,34 it appears
that most of our present physical results can be under-
stood under the assumption that the photoconversion pro-
cesses in V-doped crystals predominantly concern the
V 21/V 31 state. A few experimental facts remain unex-
plained. This condition applies, in particular, to the ab-
sence of a clear change of the absorption above 1 eV for
our semi-insulating crystal when it was submitted to an
illumination at 1.55 or 1.06 mm. This suggests compet-
ing processes and requires additional research. It fol-
lows from earlier theoretical considerations35,36 and
recent37 experimental studies on ZnTe:V that the exist-
ence of the acceptor level V 21/V1 relatively close ('0.4
eV) to the conduction band cannot be completely ruled
out.
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